Background: Neuropeptides (NPs) are innate pivotal regulators of the immunoin-
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Gene expression, inflammation, innate immunity, neuropeptides, periodontitis Periodontal disease is a highly prevalent oral, chronic, inflammatory disease characterized by the loss of soft tissue and alveolar bone-supporting tissues of the teeth. 1 It is clear that pathogenic biofilms trigger this persistent inflammatory response; however, it is the unresolved inflammation to these noxious biofilms that causes the tissue damage in periodontitis. [2] [3] [4] Accordingly, during the last decade a significant effort has been placed on identifying the host cellular and molecular factors involved in the dysregulated inflammation causing periodontitis. 5 For many years it has been shown that the neuroendocrine system plays an important regulatory role for immunoinflammatory responses through neuropeptides (NPs), hormones, and other components. 6 Growing evidence indicates that NPs are pivotal regulators (i.e., anti-and pro-inflammatory effects) of the immunoinflammatory response, and some of them can be produced by various innate and adaptive immune cells. 6 In particular, peptide neurotransmitters produce actions on extracellular receptors of target cells including neural and non-neural cells such as macrophages, lymphocytes, and endothelial cells. [7] [8] [9] Accordingly, differential modulation of cytokine production by NPs has been shown in several immune cell types, including antigen-presenting cells as well as B and T cells. 6, 10 In addition to their immunoregulatory role, some NPs (e.g., calcitonin gene-related peptide [CGRP] ) have also been shown to be involved in bone metabolism directly affecting osteoblast and osteoclast function through receptor activation, or indirectly enhancing production of pro-inflammatory cytokines. 11 Consistent with the role of NPs as important regulators of the innate and adaptive immune responses, as well as bone metabolism, variations in the levels of NPs have been reported in chronic inflammatory disorders such as rheumatoid arthritis, psoriasis, and periodontitis. [12] [13] [14] In particular, variations in the levels of a limited number of NPs have been reported in gingival crevicular fluid (GCF) and gingival biopsies from periodontal lesions, whereby levels of substance P (SP) and neurokinin A (NKA) were increased with the clinical diagnosis of periodontitis, [15] [16] [17] and levels of CGRP and vasoactive intestinal peptide (VIP) were decreased with disease. 18, 19 Importantly, these altered levels of NPs returned to quantities detected in healthy samples following periodontal therapy. 15, 16, 18 Overall, evidence from limited cross-sectional studies indicates that variation in the levels of some NPs could be associated with established periodontal lesions; 17 however, the role that NPs play in the pathogenesis of periodontitis remains unknown. Growing evidence supporting an immunoregulatory role of NPs makes this group of molecules an interesting and innovative target for elucidating their potential contributions to the progression and resolution phases of periodontal disease. In the current report the authors sought to evaluate the gene expression levels of a subset of pro-and antiinflammatory NPs and their receptors during initiation, progression, and resolution of experimental periodontal disease and their correlation with clinical parameters of periodontitis using a non-human primate model.
MATERIALS AND METHODS

Animals and diet
Rhesus monkeys (Macaca mulatta) (n = 18; 10 females and 8 males) housed at the Caribbean Primate Research Center at Sabana Seca, Puerto Rico, were used in these studies. The age range was 12 to 23 years old (mean = 16.1 ± 3.7 years). The non-human primates were fed a 20% protein, 5% fat, and 10% fiber commercial monkey diet. * The diet was supplemented with fruits and vegetables, and water was provided ad libitum in an enclosed corral setting.
Ligature-induced periodontitis and gingival tissue sample collection
The ligature-induced periodontitis model was used in healthy rhesus monkeys as previously described following a protocol approved by the Institutional Animal Care and Use Committee of the University of Puerto Rico. 20 Periodontal health was defined by mean pocket depth (PD) ≤3.0 mm and mean bleeding on probing (BOP) ≤1 (0 to 5 scale) in a full-mouth examination excluding third molars and canines. 20 Clinical measures of BOP and PD as well as gingival tissue samples were taken at baseline (preligatures), at 2 weeks and at 1 month (initiation), and at 3 months (progression) postligation. Ligatures were then removed after sampling at the third month, and samples were taken 2 months later (resolution). Tissues were maintained in RNA stabilization solution prior to processing. † Total RNA was isolated from tissues using trizol reagent. * After cleaning with a commercially available kit † , the isolated RNA was quantified with spectrophotometric analysis and pooled into equal amounts from each sample for an individual animal. Gene expression was evaluated for 26 NP genes and their receptors with pro-and anti-inflammatory activity (see supplementary Table 1 in online Journal of Periodontology).
Microarray analysis and quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Total RNA from each gingival tissue (n = 18) was isolated using a standard procedure, as has been described, and submitted to the microarray core to assess RNA quality and analyze the transcriptome. 21 GTCAGGAAAGAAGGCGAACA; interleukin (IL)-1B: forward: GACAGGATCTGGAG-CAACAA, reverse: CCCAAGGCCACAGGTATTT; matrix metalloproteinase 9 (MMP9): forward: CGTCTTCCAGTAC-CAAGAGAAA, reverse: GGATGTCATAGGTCACG-TAGC; receptor activator of nuclear factor kappa-B ligand (RANKL): forward: GGGAGACCTAGCTACAGAGTAT, reverse: TGGTGCTTCCTCCTTTCATC, and GADPH: forward: GGTGTGAACCATGAGAAGTATGA, reverse: GAGTCCTTCCACGATACCAAAG. Concentration ratios for the target genes were calculated by normalizing to the housekeeping gene GADPH. * Invitrogen, Thermo Fisher Scientific. † Qiagen RNeasy mini kit, Qiagen, Valencia, CA. ‡ GeneChip® Rhesus Gene 1.0 ST Array, Affymetrix, Santa Clara, CA. § LightCycler 480, Roche, Basel, Switzerland.
Immunohistochemistry
Immunohistochemical staining was performed on 4-m sections of fixed paraffin embedded gingival tissues taken at baseline (BL), 2 weeks (2W), 1 month (1 M), 3 months (3 M), and 5 months (5 M) postligation. The sections were placed on charged microscope glass slides and dried at 65 • C for 60 minutes. The slides were immersed in xylene (5 minutes, 2 times), then 100% ethanol (3 minutes, 2 times), followed by 90% and 70% ethanol (3 minutes each) before moving them into water. Endogenous peroxide was blocked using peroxide blocking solution ¶ for 10 minutes at room temperature. Heat-induced epitope retrieval (HIER)was performed by heating the slides once with HIER buffer (Diva Decloacker) in a pressure chamber # for 5 minutes at 21 psi, followed by 45 minutes cool-down time. Slides were then washed in phosphatebuffered saline three times and placed in a humidity chamber. The NPs were detected using the following antibodies: rabbit polyclonal GAL antibody diluted 1:300, mouse monoclonal RAMP2 antibody diluted 1:150, or rabbit polyclonal CAL-CRL antibody diluted 1:400. ‖ All antibodies were diluted in blocking solution (Power Block * * ) and incubated for 1 hour at room temperature. Signal was developed using a biotinfree horseradish peroxidase polymer detection system for use with polyclonal and monoclonal antibodies made in rabbits and mice. † † The kit was used in accordance with the manufacturer's instructions. DAB (3, 3 ′ -diaminobenzidine) ‡ ‡ was used as a chromogen, applied for 5 to 10 minutes, followed by counterstaining with modified Harris hematoxylin § § for 30 seconds. Finally, the slides were submerged for 2 seconds in a saturated solution of lithium carbonate. The sections were then dehydrated and mounted for microscopic analysis. ¶ ¶ Images were acquired on a microscope. ##
Data analysis
The expression intensities for all genes across the samples were estimated using the robust multi-array average (RMA) algorithm with probe-level quintile normalization, as implemented in a genomics software. ‖‖ Differences in gene expression at different time points were tested using repeated measures with Benjamin-Hochberg adjustment for ¶ Biolegend, San Diego, CA. Data are expressed as means ± standard deviations (n = 18). BL, baseline multiple comparisons; post hoc paired t-tests comparing other time points with baseline followed the significant repeatedmeasures tests. We also determined correlations between the expression of NP and NPR genes and molecular and clinical measures of tissue inflammation and tissue destruction during the course of disease using Pearson's correlation analysis. Statistical significance was considered by a P value ≤0.05.
RESULTS
Pocket depths were significantly increased following ligation through the third month and returned to basal levels at 5 months after removing the ligatures (see supplementary Table  2 in online Journal of Periodontology). BOP scores were elevated during the initiation phase of disease (i.e., 2W and 1 M) and returned to basal levels by 3 and 5 months (see supplementary Table 2 in online Journal of Periodontology). Figure 1 shows the expression levels of NPs and their receptors described as exhibiting pro-inflammatory activities. There were no significant changes in the gingival expression of these genes during ligature-induced periodontitis. In contrast, there was a significant increase in the expression of the anti-inflammatory NPs ADM and GAL during the initiation (2W, 1 M) and progression (3 M) of periodontitis, followed by a return to baseline expression levels with resolution of disease (5 M) (Figure 2A) . Expression of the anti-inflammatory receptors CALCRL, RAMP2, and RAMP3 was also significantly increased during initiation and progression of disease, followed by a return to baseline expression levels with resolution. VIPR1 was the only one of these NPs or receptors that showed a significant reduction during the course of periodontitis ( Figure 2B ). Significant changes in gene expression observed by microarray analyses were validated by qRT-PCR demonstrating similar trends of expression during the progression of periodontitis (Figure 3) .
Gene expression changes of molecular markers of inflammation, as well as genes related to both soft-and bone-tissue destruction during the progression of periodontitis are shown in Figure 4 . There was a significant increase in the expression of these disease markers during initiation (2 weeks/1month) and/or progression (3 months) of periodontitis. Return to normal expression levels was rapid for IL-1B by 1 month, and with MMP9 and RANKL the upregulated levels, although lower after removal of ligatures during the resolution phase of the disease, remained significantly elevated even at 5 months at a time point of apparent clinical resolution of disease.
Expression analysis of RAMP2, CALCRL, and GAL through immunochemistry suggested that the oral epithelium was positive for all of them at baseline, but changes in epithelial expression were not significantly different after ligature-induced disease (data not shown). An increased staining intensity was noted in epithelial cells located at the basal layer. Nevertheless, an increase in inflammatory cells infiltrating the connective tissue, positive for NP expression, were normally seen throughout all disease process time points (2W, 1 M, 3 M), and a decrease in inflammatory cells 2 months later after removing the ligatures (i.e., 5 months) was also observed ( Figure 5 ).
Correlation analysis of NPs and their receptors with molecular and clinical measures of inflammation and tissue destruction are shown in Table 1 . Consistent with their proinflammatory role, the NP/NPR genes TAC4, NK1/TACR1, and NK3/TACR3 showed a significant positive correlation with the expression of IL-1B and RANKL; however, the same NP/NPR genes did not correlate with clinical measures of BOP or PD. In contrast, and consistent with the expression kinetics observed during progression of periodontitis, the anti-inflammatory NP/NPR genes ADM, GAL, CALCRL, RAMP2, and RAMP3 showed a significant positive correlation, and VIPR1 showed a significant negative correlation with both molecular and clinical measures of inflammation and tissue destruction.
DISCUSSION
Growing evidence indicates that NPs are central regulators of the innate and adaptive immune responses. An imbalance of these mediators can result in persistent inflammation or unresolved infection, both characteristics of periodontal disease. In this study the expression of a subset of NP and NPR genes was evaluated in gingival tissues from nonhuman primates during initiation, progression, and resolution of periodontitis to better understand their potential role in the pathogenesis of this oral chronic inflammatory disorder. Unexpectedly, there were no significant changes in expression of the pro-inflammatory NP and receptor pairs with progression of the disease; however, a significant increase in the anti-inflammatory NP and NPR genes ADM, GAL, CALCRL, RAMP2 and RAMP3 was observed.
Adrenomedullin (ADM) is an NP that is produced by neural, endothelial, epithelial, fibroblast, macrophage, and smooth muscle cells constitutively or in response to oxidative stress, TNF-, and lipopolysaccharide (LPS). 23 Cellular activation by ADM requires its interaction with two different receptors, CALCLR and RAMP2/RAMP3. 23 There is evidence indicating that ADM inhibits inflammation by decreasing pro-inflammatory cytokine production and Tcell proliferation; however, ADM also has potent vasodilation properties. 24 Hence, increased ADM in gingival tissues during progression of periodontitis could involve an increase in the number of recruited inflammatory cells into the gingival milieu due to its vasodilatory properties. However, coincident with this activity, ADM could also block the expression of important inflammatory mediators by these recruited immune cells to control the infection. Thus, upregulation in gingival tissue ADM levels could result in unresolved inflammation and persistent infection. Moreover, it has also been shown that ADM has antimicrobial properties. 25 Of note, a major periodontal pathogen, Porphyromonas gingivalis, increases the expression of ADM by human oral epithelial cells but is resistant to its antimicrobial actions, 26, 27 and GCF increased levels of ADM with periodontal disease have also been reported. 28 Therefore, increased ADM levels induced by periodontal pathogens such as P. gingivalis could be involved not only in unresolved inflammation but also contribute to the dysbiosis as an early event involved in the pathogenesis of periodontitis. 28 The other NP that was significantly elevated during periodontitis was GAL. Limited evidence indicates that GAL is a component of the innate immune system through its capacity to prevent excess inflammation that could be deleterious to the host. 29 Variations in GAL expression during periodontal disease have not been previously reported. Therefore, the role of increased levels of GAL and its receptors, noted in progressing periodontitis, needs to be further evaluated. Importantly, the same subset of anti-inflammatory NP/NPR genes that were significantly elevated during periodontitis showed a positive correlation with molecular and clinical measures of inflammation and tissue destruction. It is clear that immuno-inflammatory responses against pathogens in the complex microbial ecology need to be balanced to successfully manage the pathogens without causing collateral tissue damage. These regulated responses involve a balanced expression of both pro-and anti-inflammatory mediators. Thus, an increased expression of anti-inflammatory NP/NPR genes in the gingival tissues during periodontitis could help to tip the balance and foster an excess of downregulation of protective inflammation that could impair the normal resolution of infection and disease. Interestingly, the main changes in gingival expression of these anti-inflammatory NPs/NPRs seem to be associated with an increase in the number of inflammatory cells positive for those NPs/NPRs, rather than expression changes in the oral epithelium.
T A B L E 1
We also observed that VIPR1 expression was significantly reduced during periodontitis, and this anti-inflammatory NP receptor also showed significant negative correlations with both molecular and clinical measures of inflammation and tissue destruction. VIPR1 is activated by VIP, which has been shown to inhibit TNF-, IL-6, and IL-12 production by LPSactivated macrophages. 30, 31 VIP also stimulates the production of the potent anti-inflammatory cytokine, IL-10, and suppresses T-cell proliferation. 32 In healthy gingival tissues, VIP is at higher levels compared with levels in GCF from periodontal disease sites. 18 Consistent with this evidence, our results support that in addition to reduced levels of VIP in periodontitis, the anti-inflammatory effects mediated by VIP could also be significantly altered through a reduction in the expression of one of its primary receptors, i.e., VIPR1.
Significant variations in the expression of the proinflammatory NP/NPR genes were not observed with progression of periodontal disease. Previous evidence showed that GCF levels of some pro-inflammatory NPs, such as SP and NKA, are increased in established periodontitis lesions. 15 Production of both SP and NKA involves post-transcriptional modifications (e.g., alternative splicing) from the same TAC1 (preprotachykinin-1) transcript. 33 Thus, variations in the levels of these NPs with periodontitis may involve changes in post-transcriptional regulatory mechanisms rather than specific TAC1 gene expression changes. In addition, correlational analyses demonstrated that the NP/NPR genes TAC4, NK1/TAC1R, and NK3/TACR3 showed significant positive correlations with the expression of IL-1 and RANKL during the disease process. These results are consistent with previous evidence indicating that the NPs/NPRs encoded by these genes are increased in chronic inflammatory disorders and may contribute to osteoclastogenesis and bone resorption. For example, hemokinin-1, derived from the TAC4 gene, has been shown to increase inflammation in the late phase of adjuvant-induced arthritis, 34 the SP receptors NK1/TAC1R are also upregulated in bone resorption, 35 and NK3/TACR3 is involved in osteoclast formation and bone resorption by cellular activation through neurokinin B binding. 36 
CONCLUSIONS
It was demonstrated that initiation and progression of periodontal disease involves significant variation in the gene expression of reported anti-inflammatory NPs ADM and GAL, and receptors CALCRL, RAMP2, RAMP3, and VIPR1 in non-human primates. These disease-related changes in NP/NPR expression seem to be mainly associated with variations in inflammatory cells exhibiting lymphocyte and macrophage-like morphologic features. Of note, these variations showed significant correlations with molecular markers and clinical measures of periodontitis. While acknowledging that there are limitations in animal models of periodontitis as used in this study, the results support a consideration of additional pathways and molecules that could be potential new candidates to consider within the complex mechanisms of this disease process, or as new potential biomarkers associated with periodontal disease activity in future clinical studies.
ACKNOWLEDGMENTS
We express our gratitude to the Caribbean Primate Research Center, supported by grant P40RR03640, the Microarray Core of University Kentucky for their invaluable technical assistance, and Alejandro Visallante for his statistical support. This work was supported by National Institutes of Health grants P20GM103538 and UL1TR000117. The authors of this manuscript declare no conflicts of interest related to this study.
